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Production and hosting byAbstract According to the metallogenic theory by transmagmatic fluid (TMF), one magmatic intrusion
is a channel of ore-bearing fluids, but not their source. Therefore, it is possible to use TMF’s ability for
injection into and for escaping from the magmatic intrusion to evaluate its ore-forming potential. As the
ore-bearing fluids cannot effectively inject into the magmatic intrusion when the magma fully crystal-
lized, the cooling time and rates viscosity varied can be used to estimate the minimum critical thickness
of the intrusion. One dimensional heat transfer model is used to determine the cooling time for three
representative dikes of different composition (granite porphyry, quartz diorite and diabase) in the Shihu
gold deposit. It also estimated the rates viscosity varied in these time interval. We took the thickness of
dike at the intersection of the cooling time e thickness curve and the rates viscosity varied versus thick-
ness curve as the minimum critical thickness. For the ore-bearing fluids effectively injecting into the
magma, the minimum critical thicknesses for the three representative dikes are 33.45 m for granite
porphyry, 8.22 m for quartz diorite and 1.02 m for diabase, indicating that ore-bearing dikes must be
thicker than each value. These results are consistent with the occurrence of ore bodies, and thus theycom (D. Li), luozh@cugb.edu.cn
eosciences (Beijing) and Peking
evier B.V. All rights reserved.
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D. Li et al. / Geoscience Frontiers 3(5) (2012) 717e728718could be applied in practice. Based on the statistical relationship between the length and the width of
dikes, these critical thicknesses are used to compute critical areas: 0.0003e0.0016 km2 for diabase,
0.014e0.068 km2 for quartz diorite and 0.011e0.034 km2 for granite porphyry. This implies that ore-
bearing minor intrusions have varied areas corresponding to their composition. The numerical simulation
has provided the theoretical threshold of exposed thickness and area of the ore-bearing intrusion. These
values can be used to determine the ore-forming potentials of dikes.
ª 2012, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
The large and super-large ore deposits are commonly relevant
to minor intrusions (Tanng and Li, 2006). The mineralization
mechanism is, however, not well understood. These minor intru-
sions are generally considered to be protrusions of deep batholiths
or their branches (Lowenstern, 1994; Heinrich, 2005). Therefore,
they have not been studied thoroughly, and do not have strict
definition. Tang (2002) and Tang et al. (2007) examined the
relationship between scales of intrusions and their ore-forming
potentials, suggesting that the minor intrusion might bear
large deposits. In comparison with large intrusions, minor ones
have obviously different mechanism in generation, ascent and
emplacement. Thus some traditional petrologic understandings
cannot be directly applied to minor intrusions. However, the ore-
forming mechanism and the identifiable criteria of minor intru-
sions are not clear, and it is not known how to find the ore deposits
in minor intrusions. Therefore, it is crucial to understand the
nature of minor intrusions, which will give good understanding of
the ore-forming mechanism and geologic prospecting.
Due to the various extent of exposure, it is difficult to strictly
define an intrusion as a minor intrusion. Luo et al. (2009) suggested
that a minor intrusion can be considered as an analogue of a dike
with the same volume. Thus, minor intrusions can be studied as
dikes. However, most of the dikes or veins are not ore-bearing,
the ore-forming potential of an intrusion is related to the amount
of ore-bearing fluids injected into the intrusion based on the
transmagmatic fluid hypothesis (Luo et al., 2008, 2009). As the
dikes and veins cool rapidly, ore-bearing fluids would not mix with
them. The role of these dikes is primarily to prevent the dissipation
of ore-bearing fluids, and the ore-forming metals are generally
concentrated in these porphyry intrusions in the region where dike
swarms occur (Luo et al., 2008, 2009). This can be seen in the
Antuoling molybdenum ore district, Hebei province, where the
porphyry molybdenum deposit is located in the region where is
distributed the post-orogenic dike complex (Luo et al., 2009).
There is currently no quantitative evaluation involving the
relationship between the dike thickness and its ore-forming
potential. This paper aims to simulate the cooling time and its
viscosity effect of the representative dikes in the Shihu gold
deposit, and to shed light on the relationship between the dike
thickness and its ore-forming potential.
2. Geological model for the dike metallogenesis
According to the metallogenic theory by transmagmatic fluid (Luo
et al., 2007, 2008, 2009), the ore-forming potential of an intrusion
depends on the magnitude of the injected ore-bearing fluids, the
solubility of metals in the fluids, and the ability of magmasentrapped ore-bearing fluids. Therefore, the preconditions for ore-
forming potentials of dikes are: (1) that large volume of ore-
bearing fluids can inject into them, and (2) that ore-bearing
fluids can be entrapped within these intrusions before ore
minerals deposit.
Generally, the magma mixing occurs in a chamber when
magmas have the similar viscosities (Sparks and Marshall, 1986).
The viscosity of ore-bearing fluids is much lower than that of
silicate melts. Therefore, their mixing cannot theoretically occur
in a short time, and ore-bearing fluids can only partially dissolve
into melts. The ore-forming potential of the magma is then
limited. Nonetheless, if the ore-bearing fluids pass through the
intrusion from the bottom, it is then possible for ore-bearing fluids
to mix with melts due to their higher activities and lower densities.
This would lead to produce abundant ore-bearing magmatic fluids,
and enhance mineralization potentials of magmas. Especially in
case of the exsolution of gas phase from fluids, the gas expansion
can make more fluids into melts, which was proved by the
volcanic eruption experiment (Trigila et al., 2007).
The viscosity of magma decreases as the temperature increases
(Giordano et al., 2008). Rapid increase in magma viscosity in
dikes occurs when the heat transfers from the dike to the host rock.
Ore-bearing fluids cannot effectively enter into the dike when the
magma viscosity reaches a critical value. The declining rate of the
temperature depends on the thermal properties, emplacement
depth, volumes of the magma and the ratio between the surface
area and the volume. Within the required cooling time for magma
viscosity to reach the critical value, the capability of ore-bearing
fluids entering into magmas can be evaluated. The minimum
critical thickness of the ore-bearing dike (MITOD) can also be
estimated. Similarly, if the dike is thick enough, the time required
to reach the critical viscosity will be much longer, resulting in ore-
bearing fluid escaping from the magma, and entering into the host
rock. By estimating the rate of fluids escape, the maximum
thickness of the ore-bearing dike (MATOD) can be evaluated.
Areas of dikes can be calculated based on a statistical relationship
between the thicknesses and the length of dikes (Rubin, 1995a;
Gudmundsson, 2000). By using numerical simulation of ore-
bearing dikes, it is possible to constrain the minimum and
maximum thickness of them, thereby giving a more precise defi-
nition of the exposed area for small intrusions.
With the above understanding, we try to present a geological
model of dike mineralization. The dikes, characterized by the
small volume, various composition and synchronous injection in
a region, are treated as a specialized dike swarm (Luo et al., 2006),
and might provide channels for ore-bearing fluids (Luo et al.,
2008). To test this hypothesis, we assume that dikes are similar
to the connecting pipe model (Fig. 1). If all dikes at the time of
emplacement are roughly at the same level, the temperature of the
host rock might be similar. If (1) the thermal conductivity of the
Figure 1 The connecting pipe model of ore-forming dikes.
Table 1 Physical parameters of the heat conduction model.
Parameters Comments Units
T Temperature C
Q Heat flux cal; 1 cal Z 4.1868 J
k Thermal conductivity cal cm1 s1 C1
k Thermal diffusivity cm2 s1
C Heat capacity cal g1 C1
t Time s
q Heat flux different cal
qc Heat of crystallization
or vaporization
cal g1
Ce Effective heat capacity cal g
-1 C1
a Half-thickness of dike m
h Viscosity Pa s
rh Ratio of viscosity variation Pa s d
1
X, x Coordinate pointed away
from dike center
m
d Emplacement depth m
r Density g cm3
Tm Initial magma temperature
C
Ts Magma solidus temperature
C
Th Initial host rock temperature
C
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cannot enter a magma which has reached its solidus temperature,
a heat conductive model can be used to simulate the consolidation
time of dikes. There are two assumptions for the geological model
of dike mineralization. (1) All the dikes have similar composition
with different thicknesses (Fig. 1a). Because a dike of small
thickness can solidify in a short time, it entraps few ore-bearing
fluids. The thicker dike will require a longer cooling time. The
viscosity at the center of the dike is much lower than other
portions of the dike. Therefore, ore-bearing fluids will inject into
the thicker dike preferentially (Fig. 1b), and hence the wide dike
may have greater mineralization potential. (2) All dikes have
a similar thickness but different composition (Fig. 1c). The
viscosity of magma in a dike is related to its composition and the
cooling time, so that the ore-bearing fluids will preferentially
inject into the low viscosity and slow cooling magma (Fig. 1d).
Once one dike receives a lot of fluids, it becomes primary channel
of fluids because they significantly reduce magma viscosity and
temperature. More fluids entering this dike result in increasing
magma pressure, thus the dike is dilated. Accordingly, emplace-
ment spaces of other dikes are compressed. Because the solubility
of metals in the ore-bearing fluids intensively depends on the
temperature and pressure, ore-bearing fluids with rapid ascending
rate must have a great ore-forming capability, so that the dike ordikes can be used for prediction of preferential ore-forming.
Consequently, by comparing the cooling time resulting from
modeling, the priority of ore-bearing fluids entering dikes can be
determined. In addition, the increased viscosity rate of magma
during cooling is relevant to the cooling time of dikes. If viscosity
rates vary, a role of dike thickness can be simulated, which will
give the estimation of the MITOD.
3. Model of the cooling time of dikes
Magmas can inject into fissures in the upper crust to form dikes.
Because the temperature of the host rock is much lower than that
of the magma, the heat can transfer from the hot magma to the
low-temperature host rock, which leads to the dike cooling,
crystallization and consolidation. Thermal convection and
conduction are the dominant heat transfer means for the dike.
However, because of little probability for convection between the
dike and the host rock under a large temperature gradient condi-
tion, thermal conduction is the primary form of heat transfer for
dikes after emplacement (Rubin, 1995a).
Thermal conduction means that the magma in the dike trans-
fers its heat to the host rock in the non-movement state. Influential
factors during the heat transfer process include the initial
temperature and density of the magma, the surrounding temper-
ature, the thermal diffusivity and the heat capacity. Magmas with
various compositions have different initial temperature, densities,
and heat capacity. If the magmas emplace at different depths, their
host rocks have different initial temperature due to the geothermal
gradient. If the magma cools rapidly, there is no sufficient heat for
crystallization to affect heat capacity clearly (Delaney, 1990;
Webber et al., 1999).
Parameters of the heat transfer model are given in Table 1,
including temperature, density, depth, thermal diffusivity, heat
capacity, latent heat of crystallization, cooling time and the
thickness of the dike (after Webber et al., 1999).
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Dikes can be idealized as tabular channels of infinite extent,
although their shapes are more complex (Delaney and Pollard,
1981; Delaney, 1990). In Fig. 2, the coordinate is centered on
a dike center, with X-direction perpendicular to the dike wall. In
the one-dimensional heat conduction model of the dike, the
conservation of energy for a motionless material with no chemical
reactions is:
rC
vT
vt
Z
vðQin QoutÞ
vX
Z
vQ
vX
ð1Þ
where C is the heat capacity. This equation states that the heat
conducted into a unit volume minus the heat conducted out is
equal to the accumulation of heat within the volume.
According to Fourier’s law, QZ k$vT=vX where k is the
thermal conductivity. Eq. (1) can be written as the following
formula (after Delaney, 1990):
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v
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If k is constant, one obtains:
vT
vt
Zk
v2T
vX2
ð3Þ
Thermal diffusivity, k Z k/(rC ), measures the ability of
a material to conduct heat relative to its ability to accumulate heat
(Delaney, 1990).
CZDq=DT ð4Þ
where Dq is the amount of heat that must be added or removed
to raise or lower the temperature of 1 g of matter by 1 C (Webber
et al., 1999).
For most rocks, the heat capacity, C, is about 0.3 cal g1
C1(McBirney, 1993). The heat released during crystallization
(i.e. latent heat) can vary the heat capacity. Latent heat, Dqc, is the
heat liberated by the crystallization of 1 g of melt that is already at
the temperature where the liquid and solid coexist. Typical values
for Dqc are 60e100 cal g
1 (McBirney, 1993). Latent heatFigure 2 Schematic diagram showing setup of the dike emplace-
ment model. 2a- dike thickness, x- axis is drawn perpendicular to the
dike wall.released during crystallization through a temperature interval of
T1eT2, can be accommodated by adding the proportional heat per
degree to the heat capacity to obtain an effective heat capacity, Ce
(after Webber et al., 1999):
CeZCþ Dqc
T1  T2 ð5Þ
where T1 and T2 are treated as the initial and the terminated
temperature, respectively. They can be regarded as the initial
magma temperature (i.e., the liquidus temperature) and the solidus
temperature, respectively, although the magma liquidus tempera-
ture may be higher than the initial magma temperature.
If the magma cools very quickly to form glassy rock, then there
is no latent heat released during crystallization, so that the heat
capacity, C, can be used, instead of the effective capacity, Ce.
3.2. The heat conduction equation
The thermal diffusivity of dikes and host rocks are the important
physical parameters affecting the heat transfer model. In general,
they are not equal, but at their contact zone, the influence is not
great. Delaney (1990) calculated the initial contact temperature
(ca. 544 C) when the contrast is km/kh Z km/kh Z 2/3. If
no thermal property contrast exists, the initial contact temperature
is ca. 600 C. The difference is 56 C, only 5% of the temperature
difference between the uncooled magma and unheated host
rocks. Therefore, it can be assumed that thermal diffusivity of
magmas is the same as that of host rocks, and thus the heat
conduction equation will be as followed (after McBirney, 1993;
Webber et al., 1999):
T=T0Z
1
2
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erf
 
x=aþ 1
2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
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ð6Þ
where erf ðyÞZ2= ﬃﬃﬃpp R y0 eu2du ; T is the temperature at time t (in
seconds) at distance x (in meters) from the mid-plane of the dike
minus the temperature of country rock; T Z T (x, t) e Th; and
T0Z Tm e Th, where Tm and Th are the initial magma temperature
and the host rock temperature, respectively.
For easier calculation, the erf function can be approximated by
the following polynomial equation (after Philpotts, 1990; Webber
et al., 1999):
erf ðyÞZ1 a1þ a2G2 þ a2G3expy2 ð7Þ
where GZ 1/(1 þ 0.47047y); a1Z 0.34802; a2Z 0.09587; and
a3 Z 0.74785.
In Eq. (6), unknown terms are T (x, t), x and t, but x and t are
variables in the function T (x, t). Therefore, under the condition of
given x (Fig. 2), the cooling time and temperature of dikes can be
calculated.
4. Heat conductive cooling simulation
Recently, there has been important progress in gold-silver
ores prospecting in the Shihu gold deposit, southeast of the
Mapeng granite intrusion (MGI), Hebei province, North China
(Niu et al., 2008), showing that the cause of ore formation are
closely relevant to the MGI and dikes. In particular, quartz diorite
dikes are spatially associated with the auriferous veins (Zhang and
Hu, 1994).
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A large number of coeval dikes are located around ca. 130 Ma
MGI (Li, 2009). These dikes consist of diabase, quartz diorite,
granodiorite, granite porphyry and a few lamprophyres. This
assemblage is similar to that of post-orogenic dikes complex (Luo
et al., 2006), and called the wide components spectrum dike
swarm. There are three typical dikes (granite porphyry, diabase
and quartz diorite) in the Shihu gold deposit.
The granite porphyry dike has a thickness of 1e8 m, which
comprises mainly of potassium feldspar, quartz, plagioclase,
a small amount of hornblende and biotite. Potassium feldspar
phenocrysts are 2e5 mm in length, the length of quartz pheno-
crysts are from 0.5 to 3 mm. Matrix minerals are potassium
feldspar, hornblende or plagioclase; the accessory minerals are
magnetite, apatite, zircon, and sphene (Fig. 3a).
Diabase dikes are not well exposed, and have a general
thickness of less than 2 m. They have porphyritic texture.
Phenocrysts are plagioclase and pyroxene. Half of the crystals are
commonly characterized by length of 0.8e1 mm and width of
0.16e0.39 mm. 15% of the pyroxene crystals commonly have
features with length of about 0.3e0.4 mm and width of
0.1e0.2 mm. Matrix minerals include plagioclase, pyroxene,
several opaque minerals and accessory minerals (Fig. 3b).
Quartz diorite dikes are commonly 2e40 m thick and have
porphyritic texture (Wang et al., 1998; Li, 2009). They are
composed of plagioclase, hornblende, quartz and potassium
feldspar. Euhedral plagioclases have the lathlike shape with length
of 2e5 mm, and hornblende 2e4 mm long, and quartz 2e6 mm.
Matrix minerals are mainly composed of plagioclase and horn-
blende. Accessory minerals are pyrite, apatite and zircon (Fig. 3c).
Petrography shows that these dikes have nearly holocrystalline
texture, indicating that the magma cooling process is associated
with latent heat release. Therefore, the influence of latent heat on
the heat capacity needs to be considered, and the effective heat
capacity (Ce) might be used instead of the magma initial heat
capacity(C ), in the case of the Shihu gold deposit.Figure 3 Microphotographs of dikes in Shihu gold deposit. a: Granite
porphyry with plane polarized light; b: Diabase under crossed polarized
light; c: Quartz diorite with polarized light. Cpx: Clinopyroxene, Pl:
Plagioclase, Q: Quartz, Hb: Hornblende, Bi: Biotite, Kf: Potassium
feldspar.4.2. Selection of heat conduction parameters
To constrain a realistic cooling model, several parameters related
to magmas and host rocks need to be evaluated.
First, the temperature of country rocks must be clear. The
pressure of the MGI at the time of emplacement is 1.65105 kPa
(Li, 2009). Assuming that the lithostatic pressure results from
overlying rock masses alone, then the emplacement depth is ca.
6 km, with the expression (p Z rgz, where p is the pressure, g
gravitational acceleration ofw10 m/s2, z the emplaced depth, and
r is the density of continental crust that is 2700 kg/m3 in Gerya
et al. (2008)) suggested by Petrini and Podladchikov (2000).
Altitude difference between dikes and the MGI is ca. 200 m,
which is equal to only 5.4106 Pa pressure. Therefore the
emplacement depth of dikes may be treated as same as that of the
MGI. Taking 25 C/km as the crustal geothermal gradient
(McBirney, 1993), the temperature of country rocks can be
calculated, Th Z 150 C.
Second, the initial temperature and solidus temperature of
magmas within the dikes need to be certain. The temperature of
magmas in dikes is treated as magmatic liquidus temperature since
most magmas in dikes usually take very short time emplacing from
their source to destination. There is not enough time to complete thecrystallization process. According to Johannes and Holtz (1996),
solidus and liquidus temperature of the granite porphyrymagma are
ca. 705 C and 865 C, respectively. The quartz diorite composition
in Shihu gold deposit is similar to that of the andesite of Blatter and
Carmichael (2001). In the experimental temperature-pressure
Table 2 Major oxide composition data of three typical dikes in Shihu gold deposit (WB%).
Sample SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 LOI Total
SH-01* 62.88 0.61 16.40 2.47 2.47 0.14 1.97 2.68 4.13 3.50 0.27 1.59 99.11
SH-02* 63.59 0.41 16.14 2.21 2.42 0.13 1.85 2.55 4.17 3.62 0.31 1.53 98.93
SH-03* 63.14 0.65 16.21 2.54 2.37 0.09 1.78 2.61 4.09 3.56 0.32 1.45 98.81
SH-04 75.12 0.18 12.90 1.40 0.06 0.02 0.10 0.44 2.25 6.36 0.04 1.10 99.83
SH-05 67.92 0.57 16.19 3.31 0.53 0.05 0.50 0.62 4.18 3.49 0.24 2.29 99.68
SH-06 66.52 0.57 15.82 2.42 1.80 0.06 1.67 0.73 4.18 3.59 0.27 2.53 99.67
SH-07 68.00 0.46 15.05 1.83 1.46 0.05 1.26 2.43 4.60 3.28 0.21 1.23 99.72
SH-08 71.64 0.01 14.65 0.18 0.05 0.00 0.03 0.42 1.64 10.34 0.01 0.41 99.42
SH-09 66.84 0.53 16.37 4.17 0.34 0.03 0.36 0.58 3.88 3.66 0.24 2.72 99.62
SH-10* 68.86 0.36 15.33 1.63 1.38 0.08 0.94 2.15 3.98 3.35 0.92 0.92 99.90
SH-11* 68.46 0.37 15.33 1.93 1.25 0.06 1.03 2.05 4.00 3.76 0.14 0.83 99.21
SH-12* 68.53 0.34 15.35 1.76 1.32 0.06 0.98 2.08 4.03 3.58 0.42 0.87 99.32
SH-13* 68.42 0.30 14.78 1.38 2.34 0.08 0.73 2.12 4.72 4.20 0.17 0.62 99.86
SH-14* 71.55 0.23 13.81 0.64 3.05 0.03 0.65 1.32 4.09 4.05 0.10 0.17 99.69
SH-15 50.28 1.99 12.78 2.97 10.71 0.21 5.02 8.87 3.30 0.70 0.21 2.70 99.80
SH-16 50.22 1.83 12.57 3.63 10.27 0.21 5.79 9.03 3.02 0.85 0.17 2.92 100.29
SH-17 51.00 1.96 12.80 3.40 10.32 0.21 5.63 9.30 2.34 0.79 0.16 2.18 100.27
Note: Samples from SH-01 to SH-03 are quartz diorites; from SH-04 to SH-14 are granite porphyry; from SH-15 to SH-17 are diabase; data with stars
are from Liu (2007), and others are from this paper. Samples are tested in laboratory of Geological Survey Institute, Hebei province.
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temperature of quartz diorite porphyry can be obtained (Eggler,
1972, Fig. 2), which is similar to the temperature of zircon crys-
tallization (Li, 2009). Because diabase composition in Shihu gold
deposit is roughly similar to island arc tholeiite composition
(Rushmer, 1991), the liquidus and solidus temperature of hydrous
diabase are 1150 C and 900 C, respectively.
Third, densities of three typical magmas in these dikes must be
clear. These values (Table 3) can be obtained using the model of
Bottinga and Weill (1970).
Finally, the heat capacity, latent heat and thermal conductivity
need to be estimated. These magmas with different composition
have different heat capacity values (Winter, 2001). In this paper,
we use heat capacity value of 0.36 cal g1 C1 for the diabase
and 0.31 cal g1 C1 for the granite porphyry, which is corre-
spondence of 1.5 kJ kg1 C1 for basalts and 1.3 kJ kg1 C1
for rhyolites referred from Rubin (1995b). For the quartz diorite,
a value of 0.33 cal g1 C1 is chose in view of its nearly inter-
mediate composition (see Table 3).
Generally, magma latent heat of crystallization ranges from 60
to 100 cal g1 (McBirney, 1993), and different magmas in
composition have different latent heat (Winter, 2001). Latent heat
of crystallization of granite porphyry, quartz diorite porphyry and
diabase can employ values of 60, 80 and 100 cal g1 in our model,Table 3 Thermal conductivity parameters of dikes in the Shihu gold
Lithology Density
r
Temperature
T1
Temperature
T2
Heat
conductivi
g cm3 C C 103 cal c
C1
Granite porphyry 2.40 865 705 5.1
Quartz diorite 2.46 960 750 2.8
Diabase 2.62 1150 900 2.6respectively. As mentioned above, latent heat of crystallization
can affect the heat capacity, which can be replaced by the effective
heat capacity. Thus, according to Eq. (5), the effective heat
capacity can be calculated (Table 3).
Thermal conductivity is 5.1  103 cal cm1 s1 C1 for
granite porphyry, 2.6  103 cal cm1 s1 C1 for diabase, and
2.8  103 cal cm1 s1 C1 for quartz diorite referring to the
experimental results provided by McBirney (1993).
4.3. Modeling results of cooling time
Petford et al. (1993) suggested that granodiorite dikes have critical
thicknesses of 2e20 m. For comparison purpose, three typical
dike thicknesses in our model can be constrained in this range.
Only the computed results for dike thicknesses of 2, 4, 8 and 20 m
are displayed (Fig. 4).
Fig. 4 shows different thicknesses of dikes (2, 4, 8 and 20 m)
with different composition (granite porphyry, diabase and quartz
diorite). Abscissa of the diagram represents the distance from the
center of dikes, and the ordinate represents the temperature, and
the contact line (contact) denotes interface between dikes and host
rocks. Temperature decreases with increasing distances away from
the center of dikes. The temperature of dikes decreases with
increasing cooling time at the left side of the contact line, whereasdeposit.
ty k
Heat
capacity C
Effective heat
capacity Ce
Thermal
diffusivity k
Latent
heat Dqc
m1 s1 cal g1 C1 cal g1 C1 107 m2s1 cal g1
0.31 0.72 2.94 60
0.33 0.71 1.60 80
0.36 0.76 1.31 100
Figure 4 Results showing cooling time of three typical dikes. A Column edifferent thicknesses of granite porphyry dike: thickness is 2 m ea;
4 m eb; 8 m ec; 20 m ed; B Column edifferent thicknesses of the diabase dike, the orders are the same as A Column; C Column edifferent
thicknesses of the quartz diorite dike, the orders are the same as A Column.
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at opposite side.
Cooling time at the center of three typical dikes from liquidus
to solidus temperature is shown in Fig. 4. The granite porphyry
is 13.3 d for 2 m, 53 d for 4 m, 213 d for 8 m and 1330 d
(or ca. 3.64 a) for 20 m (Fig. 4A). The diabase dike needs 33.4,
134, 535 and 3345 d (or about 9.16 a) (Fig. 4B), and the quartz
diorite dike needs 28.4, 113, 454 and 2840 d (or about 7.78 a)
(Fig. 4C), if the Fig. 4BeC orders are as the same as that of
Fig. 4A, respectively.Results show that the required cooling time of dikes from
liquidus to solidus temperature is positively relevant to thicknesses
of dikes. Under the same thickness condition, the required cooling
time increases with decreasing SiO2 content, and thus the
computed cooling time is the longest in the diabase dike.
5. Viscosity simulation
One of the most influential variables in equations describing melt
segregation and transport is viscosity (Baker, 1998). During the
D. Li et al. / Geoscience Frontiers 3(5) (2012) 717e728724cooling process, the dike viscosity closely relates to the temper-
ature and composition (Baker, 1998; Winter, 2001; Hui and
Zhang, 2007).
5.1. The viscosity equation of state
According to Hui and Zhang (2007), the initial magma viscosity
can be estimated from its major-element composition. Viscosity
equation is as followed (Hui and Zhang, 2007):Figure 5 Results showing viscosity variation of three typical dikes in
porphyry: thickness is 2 m ea; 4 m eb; 8 m-c; 20 m ed; B Column ediffer
Column edifferent thicknesses of the quartz diorite, the orders are the salog hZAþB
T
þ exp

CþD
T

ð8Þ
where h is the viscosity, T the temperature, A, B, C and D for
the fitting coefficient of oxides, as described in Table 4 of Hui and
Zhang (2007). If the number of moles of oxides is used, then
Eq. (8) can be replaced by the following formula (Hui and
Zhang, 2007):Shihu gold deposit. A Column edifferent thicknesses of the granite
ent thicknesses of the diabase, the orders are the same as A Column; C
me as A Column.
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where Xi is the mole fraction of SiO2, TiO2, Al2O3ex, FeOT, MnO,
MgO, CaO, (Na, K)2Oex, P2O5, H2O and (Na, K)AlO2. FeOT is
total iron presented in the form of divalent iron, and thus trivalent
iron (e.g., Fe2O3) content should be converted to ferrous iron (e.g.,
FeO) content. Previous studies show that aluminum-saturated
melts have higher viscosities than either aluminum-oversaturated
or aluminum-undersaturated melts (Riebling, 1966). Therefore,
the corresponding portion of NaAlO2, KAlO2 and (Na, K)AlO2
should be considered, and the remaining Al2O3 expressed
as Al2O3ex, and the remaining Na2O and K2O expressed as
(Na, K)2Oex. In addition, the content of H2O had also been taken
into account by Hui and Zhang (2007).
According to the magma temperature and the whole rock
composition (Table 2), the viscosity of the magma can be estimated
using the model of Hui and Zhang (2007). With the Eq. (9) above,
average viscosities of the granite porphyry, the quartz diorite and the
diabase in the Shihu gold deposit, under the liquidus temperature
condition, are ca.106.8, 104.5 and 10 Pa s, respectively.
Viscosities of the magma decrease with increasing temperature.
For simplicity, the viscosity model of Mahon et al. (1988) is used:
mðTÞZm0expðgðT0  TÞÞ ð10ÞFigure 6 Cooling time vs. rate viscosity varied for the three typicalwhere m (T ) is the viscosity at temperature T, m0 the viscosity at
temperature T0, and g is the magnitude of the viscosity with
changing temperature. Value of g is only relevant to the temper-
ature when magma behaves Newtonian, and the value of g is
relevant to the temperature and shear strain rate when magma
should like non-Newtonian (Mahon et al., 1988). Eq. (10) can be
a transformed into the following:gZln

mðTÞ
m0
	
ðT0  TÞ ð11Þ
The g value is linearly correlated with the temperature, and is
0.0078 for 1000 C and 0.0114 for 600 C. These two datasets are
used in order to calculate the g value for any temperature roughly.
The obtained g value can be inserted into Eq. (10). If the viscosity
related to the given dike temperature is given, the initial viscosity
can be calculated.
5.2. Simulation results
These viscosities of magmas increase from the origin to the
x-direction, but viscosities of the host rocks decrease with
increasing distances from the contact (Fig. 5). Calculated initial
viscosities of the granite porphyry, the diabase and the quartz
diorite magmas have significantly different value of 106.8, 10 and
104.5 Pa s, respectively. Three typical dikes’ viscosities are
8.93  106, 2.54  103 and 8.00  105 Pa s at their solidus
temperature, respectively.dikes. 1,4 e granite porphyry; 2,5 e diabase; 3,6 e quartz diorite.
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the liquidus to solidus temperature (Fig. 4) and the rate viscosity
varied (Dh/t) at the center of dikes are different.
In Fig. 5, rates viscosity varied for granite porphyry are
1.03  106 Pa s/d for 2 m, 2.58  105 Pa s/d for 4 m, 6.41  104
Pa s/d for 8 m and 1.03  104 Pa s/d for 20 m (Fig. 5A). If the
order of arrangement in Fig. 5BeC is similar to that of Fig. 5A,
rates viscosity varied for diabase are 2.33, 0.58, 0.15 and
0.02 Pa s/d (Fig. 5B), and for quartz diorite are 8.06  103,
2.02  103, 5.04  102 and 8.06  101 Pa s/d (Fig. 5C),
respectively.
It is clear that rates viscosity varied decrease with increasing
dike thicknesses. Under the same thickness condition, rates
viscosity varied increase with increasing SiO2 content, and the
maximum rate belongs to granite porphyry, followed by the quartz
diorite, the minimum value for the diabase.
6. Discussion and conclusions
Simulation results indicate that different componential dikes have
various cooling time and rates viscosity varied under the different
thicknesses condition. If dike thicknesses are treated as the x-axis,
the rate viscosity varied and cooling time as the y-axis, a diagram
with two ordinate coordinates may be constructed.
6.1. The minimum critical ore-bearing dike thickness
The cooling time and rate viscosity varied are subject to a power
law distribution with dike thickness (Fig. 6). Relationships
between cooling time (t) and dike thicknesses (x) are
t Z 3.3284x1.9997 for granite porphyry, t Z 7.0965x2.0000 for
quartz diorite and t Z 8.4005x1.9988 for diabase. Whereas, rela-
tionships between rates viscosity varied and thicknesses are
rh Z 4123505.6944x
1.9974 for granite porphyry, rh Z
32295.4952x1.9987 for quartz diorite, rh Z 9.2706x
2.0023 for
diabase. Accordingly, the cooling time of the dike is roughly
proportional to the square of the thickness, whereas the rate
viscosity varied is inversely proportional to the square of their
thickness, indicating that the cooling process of the dike is
nonlinear. If the dike is not thick enough (e.g. less than 3 m,
Fig. 6), the cooling time can increase rapidly with increasing
thicknesses, whereas rates viscosity varied are dramatically
reduced. As the dike thickness increase continuously (e.g. more
than 3 m, Fig. 6), the cooling time increases only slightly, rates
viscosity varied decrease gradually. Their turning points are at
thicknesses of 3e5 m (Fig. 6).
If the dike composition is constant, the cooling time and rate
viscosity varied for any dike thicknesses can be extrapolated. In
this paper, dike thicknesses ranging from 0.2 to 60 m are used to
fit curves irrespective of how thick they occur. The results show
that the curve for cooling time can intersect that of the rate
viscosity varied when dike thickness increase. It is a profound
assumption that the final consolidation time of magmas at the
center of a dike is similar to the time when ore-bearing fluids no
longer inject into the dike. Thus the intersection corresponding to
the dike thickness can be defined as MITOD. Accordingly, three
intersection values are 1.02 m for diabase, 8.22 m for quartz
diorite and 33.45 m for granite porphyry. These results indicate
that under the same condition, only when the dike thickness is
greater than the corresponding critical thickness, the dike may
allow entering more ore-bearing fluids. By using this method, itcan evaluate the potential for mineralization of dikes based on
field observations.
There are few diabase dikes with thicknesses less than 2 m, and
several granite porphyry dikes with thicknesses much less than
33 m, but large number of ca. 2e40 m quartz diorite dikes in the
Shihu gold deposit (Wang et al., 1998; Li, 2009). According to
results mentioned above, quartz diorite dikes might have the
biggest potential for mineralization, which is in good agreement
with the actual outputs from the Shihu gold deposit. Auriferous
veins are often accompanied by quartz diorite porphyry, in which
ore-body No. 101 has a various thicknesses of 10e40 m (Wang
et al., 1998). Diabase dikes can also theoretically achieve the
minimum critical thickness, although they are very rare. However,
no significant mineralization has been discovered. This may result
from relatively barren fluids entering diabase dikes or erosion.
It may be useful in evaluating the ore-forming potential of
a dike if the thickness of the dike is known. If ore-forming fluids
can ascend along the dike (or channel) strictly, the ore-forming
potential can be negligible when the exposed dike thickness is less
than the critical value. When the dike thickness is much larger
than the minimum critical value, the ore-bearing fluids could
escape from the dike into the host rock, so there should be
a MATOD, which is a scientific issue needing further exploration.6.2. The minimum critical area of the ore-bearing dike
In summary, there are the MITOD of 1.02 m for diabase, 8.22 m
for quartz diorite and 33.45 m for granite porphyry in the Shihu
gold deposit.
In order to find out ore-bearing minor intrusions in the field,
the minimum critical area of ore-bearing dikes needs to be esti-
mated. According to Gudmundsson (1995), statistical analysis of
the ratio of the dikes length/thickness is 300e1500 in Iceland.
Accordingly, the minimum critical area for an ore-bearing diabase
dike in Shihu gold deposit can be given roughly using the value
provided above by Gudmundsson (1995), 0.0003e0.0016 km2.
McCaffrey and Petford (1997) gave the length-thickness rela-
tionship of granite intrusions is h Z 0.12 l0.88 (where h is the
thickness, l the length). As the thickness and length of granite
intrusions cannot generally be directly observed, a granite intru-
sion is therefore treated either as a sill (Clemens, 1998) or as
a dike (this paper) emplaced in crust. If the volume of a granite
intrusion remains constant irrespective of its shape (either sill or
dike), the thickness of the sill is similar to that of the dike under
the same width and length condition. We can take the thickness h
as the approximate thickness of the granitic dike in the Shihu gold
deposit. Accordingly, its ratio of length/thickness estimated is
from 10 to 30, so its area is about 0.011e0.034 km2. The ratio of
length/thickness for the quartz diorite dike should be less than that
of the basaltic dike and greater than that of the granitic dike, and
may be close to that of the basaltic dike. If we take the ratio of
length/thickness for the quartz diorite dike in Shihu gold deposit
as from 200 to 1000 (Wang et al., 2010), the minimum critical
exposed area is about 0.014e0.068 km2. This shows that a very
small exposed area is likely to have greater ore-forming potential.
Based on the viewpoint that minor intrusions are similar to
isometric dikes (Luo et al., 2009), these estimated areas are
generally very small. For example, a minor intrusion related to
a large molybdenum deposit occurs within an area of only
0.001 km2 in Donggou large molybdenum deposit, Henan province
(Huang et al., 2009). According to Tanng and Li (2006), cross-
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(n< 10) km2 or as small as n103 km2, generally about 1 km2 or
less. The critical area can therefore be treated as the corresponding
critical component of an exposed ore-bearing minor intrusion. For
a large intrusion, as the required cooling time is long enough that
ore-bearing fluids can escape from the magma, so it has the small
ore-forming possibility, unless the host rock or chilled margin of
magmas can entrap ore-bearing fluids. For instance, the No.1
intrusion has cross-sectional area of 0.196 km2 (length is 980 m,
averagewidth is 200m), in which the ore-forming potential is not as
good as the No.7 intrusion (length is 700 m, average width is 35 m,
the cross-sectional area is about 0.025 km2) in Hongqiling nickel
deposit, Jilin province (Liu and Zhi, 2004). This implies that the
area of the ore-bearing intrusion is neither the largest nor the
smallest, and thus it should have the reasonable value.
However, results computed cannot accurately give the general
upper and lower bounds, because the depth of magma emplace-
ment (i.e. actually host-rock temperature) might obviously influ-
ence the cooling time. Qualitatively, the upper part of a dike
corresponds to larger cross-sectional area. In addition to that
mentioned above, many parameters applied in our model do not
have precise values. Therefore, these results can only be used as
a qualitative rough reference.
6.3. The effect of fluids
Another uncertain factor is the effect of fluids. It is assumed that
ore-bearing fluids cannot inject into the solidified magma. In fact,
ore-bearing fluids might stop injecting before the magma
consolidation. According to the results of rheological experiments,
when the crystals content reaches 50 Vol.% of the magma, the
systematic convection will not occur. Thus the content of crystals
is called the rheological locking point (Bachmann and Bergantz,
2006). However, as fluids can effectively reduce the viscosity of
magmas (McBirney, 1993; Romano et al., 2003), it is possible that
magmas can be reactivated (Luo et al., 2010). If the magma within
the dike contains a large amount of fluids, its viscosity may
significantly decrease, and is favored to ore-bearing fluids.
Correspondingly, fluids can increase the thermal conductivity
of the magma (Delaney, 1990), and reduce the cooling time of the
magma. Under the same thickness condition, different compo-
nential dikes with the shortest cooling time should contain the
most ore-bearing fluids.Acknowledgments
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